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Abstract 
Investigation on the thermal-hydraulic behaviour in the High performance Light Water Reactor (HPLWR) fuel assembly has obtained a 
significant attention in GENERATION-IV. In this paper, CFD analysis is carried out to study the heat transfer behaviour of supercritical 
water in sub-channels of squared annular assembly. Effect of various parameters, e.g. thermal boundary conditions and pitch-to-diameter 
ratio on the thermal hydraulic behaviour is investigated. Boundary conditions, i.e., constant heat flux at the outer surface of cladding are 
applied. The effect of pitch-to-diameter ratio (P/D) on the distributions of surface temperature and heat transfer coefficient (HTC) was 
analyzed .For typical (gap between two rod) channel analysis, it is found that HTC increases with p/d first and then decreases significantly 
when p/d is <1.2. If P/D is larger than 1.2 heat transfer deterioration (HTD) occurs as main stream enthalpy is quite small. One/eight 
channel of 40 pin fuel assembly show that the structure of the secondary flow mainly depends on the rod bundle configuration as well as 
the pitch-to-diameter ratio, whereas, the amplitude of the secondary flow is affected by the thermal boundary conditions, as well. 
Furthermore, the HTD under wire-wrapped spacer were evaluated. 
© 2013 The Authors. Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Review 
Committee of IConDM 2013, IITD&M Kancheepuram, Chennai, India. 
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1. Introduction 
The High Performance Light Water Reactor (HPLWR), how the European Supercritical Water Cooled Reactor is called, 
is a pressure vessel type reactor operated with supercritical water at 25 MPa feed water pressure and 500OC average core 
outlet temperatures. It is designed and analyzed by European consortium of 10 partners and 3 active supporters from 8 
Euratom member states in the second phase of the HPLWR project. Most emphasis has been laid on a core with a thermal 
neutron spectrum, consisting of small fuel assemblies in boxes with 40 fuel pins each and a central water box to improve the 
neutron moderation despite the low coolant density. Peak cladding temperatures of the fuel rods have been minimized by 
heating up the coolant in three steps with intermediate coolant mixing. The containment design with its safety and residual 
heat removal systems are based on the latest boiling water reactor concept, but with different passive high pressure coolant 
injection systems to cause a forced convection through the core [1]. The design concept of the steam cycle is indicating the 
envisaged efficiency increase to around 44%.Moreover; it provides the constraints to design the components of the balance 
of the plant.  
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The concept of an LWR operating at supercritical conditions has been studied in the past by different vendors. A review 
of the various supercritical concepts that were proposed during the last four decades was elaborated and published by Y. 
Oka. Examination of this review indicates that, except for the University of Tokyo´s SCLWR-H and the CANDU-X reactor 
designs, none of the other proposed concepts are likely to be economically competitive with modern LWRs and therefore 
are less likely to be developed into a commercial product.  
 
 
 
Fig.1. Three-pass core concept with target temperatures for each heat up step (left) and cross-section of the core with the conceptual arrangement of the 
fuel assemblies (right) (Schulenberg et al., 2009).[2] 
 
The design of HPLWR aims to utilize these advantages of supercritical water technologies into the Light Water Reactors 
(LWR). By operating its coolant at higher temperature and pressure, it has the potential advantage of a higher thermal 
efficiency of 44% and a compact structure of the plant system compared with current LWR. The reactor core with a thermal 
neutron spectrum has been designed based on the proposal by Schulenberg et al. As shown in Fig 1, the feed water flows in 
the RPV. The flow path of coolant through the core is designed with three heat-up steps with the intermediate mixing. The 
first heat-up path is the so- Evaporator w in the nuclear 
core centre. Supercritical water enters into evaporator at 310 ºC and then leaves it at 390 ºC. It can be found that the 
pseudocritical temperature of the coolant will be exceeded when the coolant flows vertically in the evaporator. Under such 
conditions the heat transfer coefficient might decrease in some regions when the mass flux is relative low and the heat flux 
is relative high, which consequently results in a high cladding temperature, or even a severe deterioration. 
2. Mathematical and Physical Models 
Fig 2 shows the detailed fuel assembly arrangement in the thermal neutron region. The diameter of the fuel rod (D) is 8 
mm and total active height is 4 m. One fuel assembly has 40 pins wrapped by wires and a central water box for the 
moderator. The wrapped wires are capable to guarantee a cross mixing in both upward and downward flow of the coolant in 
the fuel assemblies and also to prevent the neighbouring rods from coming close to each other due to the thermal stresses 
and the possible external forces. 
(a)                (b)  
 
Fig. 2. HPLWR fuel assembly (a) with wire spacers (b) ¼ top view without wire.  
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2.1. Geometric structure and computational Sub-channel 
Gap between two rods are considered with various P/D ratio, 1mm for gap with moderator wall and fuel Assembly wall. 
A quarter of the thermal fuel assembly is calculated taking symmetry into consideration. Further geometrically, four type of 
sub-channels can be considered, see Fig 3 i.e. adjacent to the side of the moderator flow channels (SC-1) (moderator tube 
and assembly gap), central sub-channels formed by four fuel rods (SC-2), adjacent to the corner of the moderator tube (SC-
3) and corner of the assembly gap (SC-4). 
                     
Fig.3. Sub-channel types of the square fuel assembly by Hofmeister et al. [3] 
2.2 Square channel 
The geometries of a fuel rod with and without wrapped wire inside a square channel have been chosen as the simplified 
geometries to investigate the mixing effect of wire. These two basic geometries are shown in Fig 4. 
(a)                   (b)     
Fig.4. Top view of Square channel, (a) Bare rod in a Square Channel, (b) Wire-wrapped rod in a Square Channel 
Numerical analysis of wire-wrapped fuel pins for HPLWR is challenging for several reasons. The presence of the wire 
inside the assembly results in a strong flow mixing and sweeping among sub-channels. A channel with a length of 2000 mm 
(10 wire pitches) is used as a standard geometry. The wire wrapping helically around the rod is made of ceramic material 
with a diameter of 2.5 mm (D wire).  
2.3 Selection of turbulent models 
The proper choice of the turbulent models is important for scientific calculation and can lead to satisfactory simulation 
results. Based on the review of the open literature on the turbulence models adopted under super critical pressure condition, 
 
Heat transfer to water at supercritical pressures has been numerically investigated using a two-dimensional modeling 
approach. The simulations in a two-dimensional domain have been performed using the low-Reynolds k  turbulence 
model, and the IAPWS-IF97 formulation to describe the properties of water at different conditions. 
 
The governing equations (ANSYS14 FLUENT User Manual) are as follows: 
 
Mass conservation equation: 
0i
i
u
x
                                                                                                 (0.1) 
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Momentum conservation equation:
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Energy conservation equation:
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RNG k model is adopted to close the turbulence kinetic energy and dissipation equation.
Turbulent kinetic energy equation:
i
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(0.4)
Where bG is the effect of buoyancy on turbulent kinetic energy, and is define as:
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Where kG is turbulent kinetic energy produced by velocity gradient.
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Turbulent kinetic energy dissipation ratio:
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Fig. 5. Comparison between present results and the experimental data.
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Fig 5 shows the comparison between our calculation data and the experimental data (Yamagata et al., 1972) [4]. The heat 
transfer coefficient distribution in the super critical pressure region is calculated using RNG k model. The RNG
k model with the enhanced near-wall treatment obtained the most satisfactory prediction. Therefore in this study the
RNG k model is adopted to simulate the turbulent flow.
3. Results and Discussion
Effects of Pitch-to-Diameter ratio (P/D) in vertical upward flow between two rods of a Square sub-channel are simulated 
based on the test conditions from Yamagata [4], for Heat transfer enhancement. As the (P/D) is increased, the wall 
temperature measured in simulation strongly increases at the beginning of the heated section. Fig 6(a) shows the wall
temperature distribution in between two parallel fuel rods 4m vertical height. Wall temperature increases with the main
stream enthalpy and the increase is quite significant after pseudo-critical point. When the main stream enthalpy reaches
about 1600-1700 kJ kg-1, the wall temperature increases very slowly. For main enthalpy value of >1900 kJ kg-1, different 
trends appear depending on P/D value. If P/D is small, the wall temperature increases slowly. But if P/D is larger, the wall
temperature increases very rapidly.
(a) (b)
Fig.6. P/D 1.1-1.4, q=600 kw  m-2 (a) Wall temperature distribution ,OC (b) Heat transfer coefficient, Kw/m2K
Fig 6(b) shows the heat transfer coefficient curves for different P/D and main stream enthalpy between fuel rods. It can 
be seen that the heat transfer coefficient increases with the main stream enthalpy, reaches the maximum value near the
pseudo-critical point, and then decreases. With the increase of P/D, the heat transfer coefficient decreases and the location 
of the maximum heat transfer coefficient  moves towards the lowere enthalpy region. As the Reynolds Number is fixed, the
flow velocity is relatively small. Before the main stream enthalpy reaches a high value, HTD already cccuts. When the
lecocity is small, the buoyancy force accelerates the flow velocity of the fluid in the near-wall region. This makes the flow 
lvelocity distribution to be flat and generation of turbulence energy reduced. Thus the heat transfer is deteriorated. When
P/D is smaller, as the Reynolds Number is fixed, the flow velocity is relatively larger, and also the amplitude of turbulent
mixing is relatively larger. Therefore, the heat transfer condition is better and the main stream enthalpy can reach a high
value. It can be seen that the heat transfer coefficient decreases in towards higher enthalpy region.
(a) (b)
Fig.7: P/D 1.2, q=450,600,850 kw  m-2 (a) Wall temperature distribution ,OC b) Heat transfer coefficient, Kw/m2K
Fig 7(a) shows the wall temperature distribution with different Heat flux input. The wall temperature increases with the
increase of the main stream enthalpy. The value first increases rapidly, then slowly and finally rapidly. When the heat flux
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value is higher, the increases of wall temperature take place very slowly in middle enthalpy region. With the decrease of 
heat flux, as the P/D is fixed, the change of temperature in the middle enthalpy region increases rapidly. 
Fig 7(b) shows heat transfer coefficient distribution. As the rod diameter and the gap size between the rod and wall is 
fixed, with the increase of heat flux the heat transfer coefficient increases and reversely occur when heat flux decreases. 
Furthermore, the location of the maximum value of the heat transfer coefficient moves towards the low enthalpy region with 
the P/D decreasing.  
 
(a)  
 
(b)  
Fig.8. 1/4 section fuel assembly,P/D 1.2, q=600 kw  m-2 (a) velocity Magnitude, m/s(b) Static Wall temperature distribution ,OC 
Fig 8 shows the Contours of velocity Magnitude and Static Temperature of a quarter sections at outlet and throughout 
the length respectively. It can be seen that the maximum velocity occurs in the typical quadrilateral sub-channels and the 
velocity difference between each typical quadrilateral sub-channel is small. The velocity near the wall is much smaller. As a 
result, the temperature near the wall is higher, and in the typical quadrilateral sub-channels is lower. The highest 
temperature occurs in the corner region. Fig. 9 shows the velocity distribution and temperature distribution near the pseudo-
critical point. 
Fig 10 shows the temperature distribution at outlet section of each individual channels. It is seen that towards the rods 
wall, temperature is higher than towards moderator wall. Fig 11(a,b,c,d) describes the temperature distribution throughout 
the axial direction of the channels. Inlet temperature increases rapidly in the entry region, it can be seen in the middle region 
were the temperature increases slowly and last region increases rapidly again. Fig 11(e,f,g,h) shows in the flatten region heat 
transfer coefficient increases. As a result, the cladding temperature increases from the inlet as the heat transfer coefficient 
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increases. At the point where the heat transfer has a maximum, the cladding temperature decreases.  
 
 (a)        (b)   
 
Fig.9. 1/4 section fuel assemblyat the pseudo-critical point P/D 1.2, q=600 kw  m-2 (a) velocity Magnitude, m/s (b) Static Temperature, oC 
 
Beyond the pseudo-critical line, where the heat transfer coefficient decreases, the cladding temperature increases. The 
maximum cladding temperatures in the different sub-channels with P/D 1.2 are within the allowable limits of 620oC for the 
HPLWR. Fig 11 is explained with color code, black colors indicate the bulk fluid temperature. 
 
            
 
   
 
Fig.10. Static Temperature distribution, OC (sub-channel  assembly, P/D 1.2, q=600 kw  m-2) 
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 (a) (e)  
 
(b) (f)     
 
(c) (g)  
 
  (d) (h)  
 
 Bulk fluid temperature         Cladding surface-4  
 Cladding surface-1                                Cladding surface-6  
 Cladding surface-2                                Cladding surface- 7  
 Cladding surface-3                                Cladding surface-12  
 
SC-1(a,e), SC-2(b,f), SC-3(c,g), SC-4(d,h) 
Fig.11. Temperature distribution, OC (a,b,c,d), Heat transfer coefficient, Kw/m2K (e,f,g,h),  
 
 
The purpose of square annular channel is to the performance in the non-circular channels, which is closer to the realistic 
flow channel in the fuel assembly. In HPLWR the design with wire spacers raise several challenging issues with regard to 
the transfer behaviour of the water under a supercritical pressure, with the spacers lead to a good mixing and a low pressure 
drop in the assembly.  
The simulations are performed at a mass flux density of 1000 kg/m2s and at heat fluxes of 600kw/m2. The results of the 
non-circular channel with and without wire-wrapped are shown Fig 12 and Fig 13 respectively, its shows the difference of 
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the velocity and turbulence kinetic energy between the bare rod and wire-wrapped channel. The result of the comparison 
shows that velocity increases with wire-wrapped, also turbulence occurs more. At high mass flow rate buoyancy effect can 
be neglected unless with low flow rate, even though the buoyancy should not be relevant, heat transfer is still deteriorated 
(as measured by Ornatskij et.al. [5].  
The influence of buoyancy is small and there are clearly other mechanisms which cause the decrease in heat transfer. 
According to Koshizuka et.al may lead to the decrease in heat transfers coefficient [6]. Fig 14 shows the temperature 
distribution, here the red colors indicate the surface contact with wire spacer, and Fig 15 shows the heat transfer coefficient 
 
 
(a)         (b)          
 
 Fig.12. Bare rod in a Square Channel at outlet; (a) Velocity distribution, m/s (b) Turbulent kinetic energy, (k) (m2/s2) 
              
(a)                  (b)  
 
Fig.13. Wire-wrapped rod in a Square Channel at outlet; (a) Velocity distribution, m/s(b) Turbulent kinetic energy, (k) (m2/s2) 
 
(a) (b)   
 
Black ------- Cladding Surface, Red -------- Cladding surface contact with wire wrapped 
Fig.14. Temperature distribution in a square channel, oC (a) bare rod, (b) Wire-wrapped rod 
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(a)  (b)  
 
Black ------- Cladding Surface, Red -------- Cladding surface contact with wire wrapped 
Fig.15. Heat Transfer Coefficient  in a square channel, Kw/m2K (a) Bare rod, (b) Wire-wrapped rod 
4. Conclusions 
In present study, numerical study was performed on the rod gap, rod bundle sub-channels based on one of the HPLWR 
proposed model. The RNG k model with the enhanced near-wall treatment obtained the most satisfactory prediction 
and evaluated for the flow and heat transfer characteristics in typical sub-channels were investigated. In the 2D, gap 
between two rods sub-channel, the effect of P/D on HTC was studied. When P/D is <1.4, HTC increase with P/D first and 
then decreases significantly. When P/D is lower TD 
occurs when the main stream enthalpy is still very small and more than one peak occurs.  
In the wall channel the maximum temperature occurs between the rod and wall, where the temperature gradient is very 
large. With the increase of P/D, the temperature difference between the wall and main stream increases, and HTC decreases. 
Furthermore, the locations of the maximum value of the HTC move towards the low enthalpy region with the P/D 
decreasing.  
In the one/eight channel near the pseudo-critical point, the temperature difference is small, while in the sub-critical and 
super critical regions it is large. The non uniformity at the outlet is largest. In the middle height of the channel, the fluid 
reaches the pseudo-critical point in the near-wall region, which causes the heat transfer coefficient to decrease and the wall 
temperature increases rapidly. It is also found, in the corner region (SC-4) the temperature raising faster comparison to other 
channels (SC-1, SC-2, SC-3).On the study of wire-wrapped , results proved with the spacers- lead to a good mixing and a 
low pressure drop in the assembly. With-wire wrapped spacer the sustainability of cladding surface are improve higher as  
the temperature  are under the limits of  its materials. 
There are still a lot to do to improve the accuracy and reliability of CFD method and better models are needed to 
describe the flow and heat transfer characteristics for the fluid in super critical conditions in the future.  
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